JMAR analyzed the data and wrote the first drafts of the manuscript. JMAR, RB, and 22 FSB performed the experiment. MCL contributed to data collection and writing the manuscript. JMA, RB, BM,CE, and 23 OS conceived the experiment and contributed substantially to the revisions of the manuscript. CM made substantial 24 contributions to the model construction, structure and revisions of the manuscript draft. Here, we confirm that we do 25 not have any conflict of interest. 26 1 Abstract 27 Parasites can shape the structure and function of ecosystems by influencing both the den-28 sity and traits of their hosts. Such changes in ecosystems are particularly likely when the host 29 is a predator that mediates the dynamics of trophic cascades. Here, we experimentally tested 30 how parasite load of a small predatory fish, the threespine stickleback, can affect the occur-31 rence and strength of trophic cascades and ecosystem functioning. In a factorial mesocosm 32 experiment, we manipulated the density of stickleback (low vs. high), and the level of para-33 site load (natural vs. reduced). In addition, we used two stickleback populations from different 34 lineages: an Eastern European lineage with a more pelagic phenotype (Lake Constance) and 35 a Western European lineage with a more benthic phenotype (Lake Geneva). We found that 36 stickleback caused trophic cascades in the pelagic but not the benthic food chain. Evidence 37 for pelagic trophic cascades was stronger in treatments where parasite load of stickleback was 38 reduced with an antihelmintic medication, and where fish originated from Lake Constance (i.e. 39 the more pelagic lineage). A structural equation model revealed that differences in stickleback 40 lineage and parasite load were most likely to impact trophic cascades via changes in the com-41 position, rather than overall biomass, of zooplankton communities. Overall, our results provide 42 experimental evidence that parasites of predators can influence the cascading effects of fish 43 on lower trophic levels with consequences on ecosystem functioning. 44 
Introduction
In a classic trophic cascade, predators alter the biomass and/or community structure (species 48 biomass and composition) of lower trophic levels and even ecosystem functioning (e.g. gross 49 primary productivity and decomposition) via a combination of direct and indirect ecological effects 50 (Ripple et al., 2016; Polis et al., 2000) . In food chains composed of predators, grazers, and 51 primary producers, predators can increase the biomass of primary producers by decreasing the 52 density or biomass of grazers (density-mediated indirect effects or DMIE, Fig. 1a ) (Abrams, 53 1995). Alternatively, predators can change the behavior of grazers, for example by reducing their 54 activity and feeding rates, and thereby increase the biomass of primary producers via 55 trait-mediated indirect effects (TMIE Fig. 1b) (Abrams, 1995 (Abrams, , 2007 . In addition, predators might 56 shift the composition of grazer communities and thereby affect primary producers (Schmitz, 57 2006). 58 Previous work on trophic cascades has shown that intra-specific variation morphology, 59 activity levels, consumption rates, or hunting strategies can have profound effects on the 60 occurrence and strength of trophic cascades (Start and Gilbert, 2017; Schmitz, 2008 64 reducing the population densities of their hosts (DMIE) and by changing host traits such as 65 foraging activity and performance (TMIE, Fig. 1c ), but the interaction of such parasite and 66 predator effects have so far received little attention (Hatcher and Dunn, 2011; Lefèvre et al., 67 2009). Previous research in aquatic systems has tested how parasites of grazers (e.g. Daphnia) 68 can mediate the strength of trophic cascades by changing grazer foraging behavior (Duffy, 2007; 69 Wood and Johnson, 2015), but we still lack evidence on whether and how parasites of predators 70 affect the occurrence and strength of trophic cascades. 71 Whether parasites impact trophic cascades by changing predator density or changing 72 predator behavior, the magnitude of their impacts likely depends on the co-evolutionary history 73 between parasites and their hosts (Eizaguirre et al., 2012) as well as the host trophic position 74 (Lafferty, 2006) . For instance, the evolution of host resistance to parasites can determine how 80 To test whether parasites can influence variation in predator-mediated effects on 81 ecosystem functioning in general, and on trophic cascades in particular, we performed a 82 mesocosm experiment where we manipulated the density and parasite load of threespine 83 stickleback (Gasterosteus aculeatus). We were interested in addressing three main questions: (i) 84 how do different parasite loads influence the direct and indirect ecological effects of stickleback?, 85 (ii) what ecological pathways are most likely to underlie these effects?, and (iii) how do 86 stickleback lineages vary in their response to parasite load in a way that might impact their 87 ecosystem effects? 88 In natural populations, stickleback are host to multiple parasite species that can impact 89 their behavior and therefore their trophic interactions (Barber, 2013 102 We used structural equation models to tease apart the direct and indirect effects of stickleback's 103 parasite load and density on a broad range of ecosystem properties, including the total biomass 104 and composition of the grazer community, the biomass of primary producers, and ecosystem 105 4 functioning measured using an index of ecosystem multi-functionality (EMF) (Byrnes et al., 2014). 106 The co-evolutionary history of stickleback populations with their parasite community might 107 also influence how parasite load affects stickleback-mediated trophic cascades. In our 108 experiment, we used stickleback from two European lineages that have recently colonized 0.64% NaCl solution, following the manufacturer's specifications. Fish assigned to the +I 142 treatment were exposed to the saline solution without Wormex. After a three-hour bath, all fish 143 were transferred to clean tap water and kept in the laboratory for two weeks in non-flow aquaria. 144 All individuals were completely dissected, visually inspected under an dissection scope (Leica 145 MZ6) for the presence and abundance of four focal helminth parasites ( Apatemon spp., 146 Diplostomum spp., Gyrodactylus spp., and Schistocephalus solidus) and the protozoa, 147 Ichthyophthirius multifiliis. All parasites were identified morphologically. For each individual, we 148 screened the body surface and gills for Gyrodactylus spp. and Ichthyophthirius multifiliis, then we 149 dissected their body cavity to check for Schistocephalus solidus. Eyes were removed and opened 150 to check for Diplostomum spp. and Apatemon spp. cysts. This initial laboratory confirmed that 151 Wormex treatment significantly reduced parasite load, mainly via reductions of Gyrodactylus spp. 152 (see Table- S1 in Appendix S1), and significantly changed the parasite community structure 153 (MLRT= 33.65, P= 0.002). 154 Following this laboratory experiment, we used a similar approach to manipulate the 155 parasite load of fish used in the mesocosm experiment. Specifically, we exposed fish intended for 156 the −I treatment to 10 mg/L Wormex, and +I fish to a saline solution without Wormex. We 181 We tested for differences in parasite load and composition using generalized multivariate models 182 (Wang et al., 2012) , with four focal parasites (e.g. Apatemon spp., Diplostomum spp., 183 Gyrodactylus spp., and I. multifiliis), and the factorial treatments and experimental block as fixed 
Parasite load and body condition

Results
252
Parasite community 253 In the mesocosm experiment, the medication significantly reduced parasite load, which, as in the 254 laboratory experiment, was mainly driven by a reduction of Gyrodactylus spp. These effects were 255 stronger for the Constance than the Geneva fish ( Fig. 2b) . Apatemon spp. parasites were more 256 common in Geneva fish, while I. multifiliis infections were more common on Constance fish. Fish 257 density also had significant effects on the parasite community, mostly by increasing the densities 258 of I. multifiliis and Gyrodactylus spp. (Figure-S3 in Appendix S1). 259 We found that Gyrodactylus spp. 28.32% and Geneva: 11.30%). However, since dead fish were removed and replaced, this 267 differential mortality did not lead to sustained density and fish biomass differences between 268 treatments. Fish mortality was not significantly influenced by the disinfection treatment (GLMM, 269 X 2 2,40 = 2.9211, P= 0.232). Overall, the disinfection treatment successfully reduced parasite load 270 and changed the structure of the parasite community, and, as expected, this was associated with 271 higher condition of stickleback in the −I treatment. 273 At the end of the mesocosm experiment, the presence of stickleback strongly reduced 274 zooplankton biomass, increased zoobenthos biomass, and altered the structure of the 275 zoobenthos community (Fig. 3a,b,d) . Within the factorial treatments, zooplankton biomass was 276 marginally affected by the interaction between fish density and parasite load (Fig. 3a) , and 277 zoobenthos biomass was marginally affected by fish density (Fig. 3c ). Zooplankton community 278 structure, however, was strongly affected by the interaction of lineage, density, and parasite load 279 treatment ( Fig. 3b and Table-S3 ). Specifically, at high density, −I fish had stronger negative 280 effects on copepods (F 1,28 = 8.399, P < 0.01); and Geneva fish had stronger positive effects on 281 predatory mites in high density tanks with −I fish (Acari, lineage x density x parasite load: F 1,28 = 282 7.1700, P = 0.012; Figure-S4 and Table-S4 in Appendix S1). Unlike the zooplankton community, 283 variation in the zoobenthos community structure and total biomass did not vary among the 284 lineage, density, and parasite load treatment combinations ( Fig. 3b and d) . Furthermore, we 285 found that copepods and mayfly larvae (Caenis) had the strongest negative correlation with Appendix S1). Overall, increasing stickleback density increased ecosystem productivity ( Fig.   288 3e-j). At high fish density, mesocosms had more phytoplankton, less periphyton, higher levels of 289 GPP, ER, and EMF than low density tanks (Table-S4 in Appendix 1). We also found that 290 mesocosms with Constance fish had higher levels of ER, LKD, and EMF (Table-S4 in Appendix   291 1). 292 We tested for trophic cascades mediated by either changes in grazer biomass (DMIE) or 293 community composition, which could ultimately impact grazer feeding rates and/or be the results 294 of changes in fish behavior (e.g., TMIE). In both cases, there was stronger evidence for a pelagic 295 trophic cascade than for a benthic trophic cascade when increasing fish density (Table 1, Fig. 4 ). 296 The Bayesian LRR (Fig. 4) and the structural equation model (SEM, Fig. 5a ) both revealed that 297 increasing stickleback density strongly impacted zooplankton community composition (MDS1), 298 and this was associated associated with higher phytoplankton biomass and EMF (path: HD → 299 Zoo MDS1 → Phytoplankton → EMF, Fig. 5 ). 300 The Bayesian LRR additionally revealed that the probability of trophic cascades was very 301 similar for both lineages (Table 1) . Consistent with this, we found that Constance and Geneva 302 stickleback did not differentially affect the overall structure of the SEM model (i.e. a multi-group 303 SEM was not supported: X 2 1,36 = 49.461, P = 0.066). However, in the overall SEM, we did find 304 lineage-specific differences in parameter estimates relating to pathways underlying trophic 305 cascades (Fig. 5b) . These pathways include both the effect of fish density on zooplankton 306 community structure (Fig. 5b) , which was 21.6% stronger for Geneva fish (X 2 1,95 =36.139, P < 307 0.01) and the effect of zooplankton community structure on algal biomass (Fig. 5b) , which was 308 23.2% stronger for Constance stickleback (X 2 1,95 =8.93, P < 0.01, see Table-S7 ). 309 Overall, reducing parasite load increased the probability of detecting pelagic trophic 310 cascades by more than 30%, especially for cascading effects mediated by changes in the 311 zooplankton community structure (Table 1 and Fig. 4 ). This outcome is also consistent with a 312 non-bayesian LRR analysis ( Figure-S6 in Appendix 1), and the SEM modelling ( Fig. 5a ). 313 Whereas the overall effects of a high fish density led to a large shift in zooplankton composition 314 (red arrow with coefficient -0.74), a high density of fish with natural parasite infections levels (+I) 315 showed a much weaker impact on zooplankton composition (black arrow with coefficient 0.64 316 counteracts these negative effects). The weaker effects of fish with natural parasite loads on 317 zooplankton translated into weaker indirect effects on phytoplankton biomass (path: HD:+I → Zoo 318 MDS1 → Phytoplankton, Fig. 5a ).
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Direct and indirect ecosystem effects
319
Discussion
320
Overall, our experiment tests how parasites can influence the top-down effects of predators on 321 trophic cascades and ecosystem functioning. Specifically, we found that increasing stickleback 322 density caused trophic cascades in the pelagic but not the benthic food chain (Fig. 4) . Variation in 323 periphyton cover was also affected by fish density but we found no evidence linking it to changes 324 in zoobenthos biomass or composition (Fig. 5 ). Pelagic trophic cascades occurred due to effects 325 of stickleback density and parasite load on zooplankton community composition rather than 326 zooplankton biomass (Table 1) . Evidence of trophic cascades was stronger when parasite load of 327 fish was reduced (Fig. 4, 5a , Table 1 ) and for the population with the more pelagic phenotype (i.e.
328
Lake Constance: Fig. 5b ). The index of ecosystem multi-functionality, showed stronger support 329 12 for lineage and density effects than for parasite effects (Fig. 5, Figure- (Fig. 5b) . 370 Overall, our analyses suggest that stickleback from the Lake Constance and Lake Geneva 371 indirectly modified mesocosm ecosystems through similar ecological mechanisms, specifically 372 via pelagic trophic cascades mediated by changes in zooplankton community structure. However, 373 in the more detailed analysis of SEM pathways, we found some evidence that the two lineages 374 had differential effects on pelagic trophic cascades and on periphyton (Fig. 5b) . For example, 375 differences in path coefficients between lineages suggest that fish from Constance caused 376 stronger pelagic trophic cascades. Specifically, the net effect of Constance stickleback density on 377 phytoplankton biomass was greater (i.e. more positive), relative to their effect on zoooplankton 378 composition ( Fig. 5b) . It is unclear why fish from both lineages had strong density effects on 379 copepods, but this only translated into a significant change in phytoplankton biomass in the 380 Constance treatment ( shows the same model but highlighting the lineage differences in path coefficients. Here, 599 We only present significant path coefficients representing positive (black) and negative (red) 600 effects (but see Table-S5 
